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ABSTRACT

Permeability of rock is the ability of transmitting the fluid flow through the rock
body. It can be affected mainly by rock structure and it’s matrix due to the grain size,
formation and the pressure or concentration gradient existing within and across it.
Past studies mainly focused on the relationship of permeability and axial stress of
rock, and there was a little research on the impact of circumferential stress and
volumetric deformation on the permeability. A programme of laboratory tests was
conducted on sandstone and coal samples from two mines (Mines A and B) to
evaluate the permeability of different rock formations. Two specialised permeability
apparatuses, Multi-Functional Outburst Research Rig (MFORR), and a high pressure
triaxial apparatus were used to study rock permeability under various confining
pressures. Triaxial tests were conducted on sandstone samples under different
confining pressures of 750 kPa to 1582 kPa at different vertical stress of 0.5, 1, 2, 3
and 4 MPa, and for coal samples testes were made, at varying vertical stress of 1, 2
and 3 MPa and gas pressures ranging from 0.2 MPa to 3 MPa. Methods of
permeability testing of sandstone and coal samples under different triaxial conditions
are discussed. Permeability testing of the sandstone with water and coal samples with
CH 4 are described. The permeability of coal sample was evaluated using MFORR
rigs; in addition, the impact of circumferential stress and volumetric changes on the
permeability of coal was evaluated by MFORR. The laboratory test results for coal
samples showed that by increasing the confining gas pressure the permeability value
decreased in elastic phase and maintained an almost constant value at gas pressures
of > 2000 kPa. The results show that the permeability of coal sample under triaxial
compression tends to decrease with the increase in stress, which indicates that
permeability of the coal is actually controlled by the evolution of cracks in the coals.
For sandstone samples, the permeability decreased monotonously with axial
compression, mainly due to pore collapse and compressive closure of the preexisting micro-cracks. The permeability first decreased with increasing axial stress,
then began to maintain an almost constant value.

ii

ACKNOWLEDGEMENTS

I would like to express my special appreciation to my supervisors Professor Naj Aziz
and Dr Jan Nemcik, School of Civil, Mining and Environmental Engineering (CME),
University of Wollongong for their guidance, encouragement, and their invaluable

help and support. They made me want to work harder and become a better
researcher. You are truly best advisers I ever had and a great role model.
I must express my gratitude to Alireza, my beloved husband, for his enormous
support and love. I was continually amazed by his intelligence and useful objective
advices throughout my research and on all the ups and downs of living and study
abroad.
I would also like to thank Drs. Lei Zhang and Zhenyu Zhang for their valuable input
and help on laboratory tests.
Thanks are also due to the technical staff in the School of CME, especially Col
Devenish and Alan Grant for their laboratory assistances and also Ian Laird and other
technical staff for their help, thank you all.
My life at Wollongong could not have been complete without great friends, too many
to list here, but Kel Magrath deserves special mention for being a great friend and
supporter for not just me and my husband but for all the overseas students at UOW.
Thank you, Kel. You are one of the nicest friends I was blessed enough to know.
And last but not least, I want to thank my parents for providing me with great
education from the day one, for their love and support and my sister Pegah, for being
herself and making me a proud big sister; being far away from you all was the
hardest part of my research time in Australia.

iii

TABLE OF CONTENTS

Contents
AFFIRMATION ....................................................................................................... i
ABSTRACT ............................................................................................................ ii
ACKNOWLEDGEMENTS .................................................................................... iii
TABLE OF CONTENTS ........................................................................................ iv
LIST OF FIGURES ................................................................................................ vi
LIST OF TABLES .................................................................................................. ix
CHAPTER ONE GENERAL INTRODUCTION ..................................................... 1
1.1

Introduction .............................................................................................. 1

1.2

Research objectives .................................................................................. 2

1.3

Thesis experimental study ........................................................................ 3

1.4

Thesis outline ........................................................................................... 3

CHAPTER TWO A REVIEW OF ROCK PERMEABILITY................................... 5
2.1

Introduction .............................................................................................. 5

2.2

Rock permeability characteristic ............................................................... 5

2.2.1 Permeability ......................................................................................... 5
2.2.2 Coal permeability ................................................................................. 9
2.2.3 Sandstone permeability ........................................................................16
CHAPTER THREE - EXPERIMENTAL INVESTIGATION ON PERMEABILITY
OF VARIOUS ROCK FORMATIONS– TESTING EQUIPMENT.........................22
3.1

Introduction .............................................................................................22

3.1.1 Sample properties ................................................................................22
3.1.2 Instrumentation....................................................................................23
3.2

Experimental investigation on sandstone permeability .............................26

3.3

Experimental investigation in coal permeability.......................................41

CHAPTER FOUR- ANALYSIS AND DISCUSSIONS ..........................................56
4.1

Introduction .............................................................................................56

4.2

Permeability analysis for sandstone specimens ........................................56

4.3

Permeability analysis of Coal specimens .................................................62

4.4

Summery .................................................................................................67

CHAPTER FIVE - CONCLUSIONS AND RECOMMENDATIONS .....................69
iv

5.1 ConclusionS ......................................................................................................69
5.2 Recommendations .............................................................................................70
REFERENCES .......................................................................................................71
APPENDIX A: A Summarized Figures on the sandstones triaxial compression tests
...............................................................................................................................77
APPENDIX B COAL PERMEABILITY TEST RESULT WITH MFORR .............80

v

LIST OF FIGURES
Figure 1.1: Structure of Chapters in the thesis

4

Figure 2.1: The Darcy apparatus

6

Figure 2.2: Permeability definition

7

Figure 2.3: Physical structure, model of coal form

10

Figure 2.4: Relationship between permeability and effective stress based on

13

field studies
Figure 2.5: The log of (Wilson & Stanton, 1994) vertical variations in porosity
and permeability in deeply buried channel sandstone.
Figure 2.6: Porosity versus permeability in eolian sandstone of the Norphlet
Formation, Mississippi (Studlick, Shew, Basye, & Ray, 1990).
Figure 2.7: Generalized depth and temperature regimes for the major diagenetic
processes from (Wilson & Stanton, 1994).
Figure 2.8: Microburrows of sediments in the southern Portuguese continental
slope
Figure 2.9: Scanning Electron Image showing the effect of compaction of
sandstone from Frio Formation, Gulf of Mexico (Makowitz & Milliken, 2002),
(Kameda, 2004).
Figure 2.10: An example of diagenetic patterns in sandstone (Kameda, 2004).

16

Figure 2.11: Major categories of cements, rim and occluding cements, from
Wilson and Stanton (1994).
Figure 3.1: The laboratory oven used for moisture testing of rock samples

20

Figure 3.2: Schematics of triaxial water flow testing set-up

24

Figure 3.3: Assembled testing system

25

Figure 3.4: Multi-Function Outburst Research Rig (MFORR) with GC

26

Figure 3.5: sandstone samples

27

Figure 3.6: First step of casting, cutting the samples and fasten with rubber rope

29

Figure 3.7: Placing the steel frame around the samples

30

Figure 3.8: First step of filling the steel frame with cement

30

Figure 3.9: Concrete block with all casted sandstone samples after 24hrs of

31

17
17
18
18

20

23

curing
Figure 3.10: Coring the samples from concrete block.

31

Figure 3.11: 60 mm diameter sandstone specimens after coring

32

Figure 3.12: Cutting the attached cement from remaining specimens

32

Figure 3.13: Porous sandstone specimens used for testing

33

Figure 3.14: Triaxial Compression Apparatus

35

Figure 3.15: Flow rate as a function of pressure gradient for sample T1

37

vi

Figure 3.16: Flow rate as a function of pressure gradient for sample T2↑a

37

Figure 3.17: Flow rate as a function of pressure gradient for sample T2↑b (course

38

grained sample)
Figure 3.18: Flow rate as a function of pressure gradient for fine grained sample T4↑a

38

Figure 3.19: Flow rate as a function of pressure gradient for sample T4↑b (even)

39

Figure 3.20: The variation of permeability with the confining stress

41

Figure 3.21: Coal samples delivered from coal mine (B)

41

Figure 3.22: Coal samples for triaxial permeability test with MFORR

42

Figure 3.23: The sample placed in the triaxial gas chamber

43

Figure 3.24: Coal specimen sealed in pressure chamber and Multi Function Outburst

44

Research Rig (MFORR)
Figure 3.25 (a): Coal triaxial permeability test with MFORR and coal strain behaviour

46

(sample 383404)
Figure 3.25 (b): Coal triaxial permeability test with MFORR and coal strain behaviour

46

(sample 383404)
Figure 3.25 (c): Coal triaxial permeability test with MFORR and coal strain behaviour

47

(sample 383404)
Figure 3.26 (a): Coal triaxial permeability test with MFORR and coal strain behaviour

47

(sample 383408)
Figure 3.26 (b): Coal triaxial permeability test with MFORR and coal strain behaviour

48

(sample 383408)
Figure 3.26 (c): Coal triaxial permeability test with MFORR and coal strain behaviour

48

(sample 383408)
Figure 3.27 (a): Coal triaxial permeability test with MFORR and coal strain behaviour

49

(sample 383410)
Figure 3.27 (b): Coal triaxial permeability test with MFORR and coal strain behaviour

49

(sample 383410)
Figure 3.27 (c): Coal triaxial permeability test with MFORR and coal strain behaviour

50

(sample 383410)
Figure 3.28 (a): Coal triaxial permeability test with MFORR and coal strain behaviour

50

(sample 383413)
Figure 3.28 (b): Coal triaxial permeability test with MFORR and coal strain behaviour

vii

51

(sample 383413)
Figure 3.28 (c): Coal triaxial permeability test with MFORR and coal strain behaviour

51

(sample 383413)
Figure 3.29 (a): Coal triaxial permeability test with MFORR and coal strain behaviour

52

(sample 383416)
Figure 3.29 (b): Coal triaxial permeability test with MFORR and coal strain behaviour

52

(sample 383416)
Figure 3.29(c): Coal triaxial permeability test with MFORR and coal strain behaviour

53

(sample 383416)
Figure 3.30 (a): Coal triaxial permeability test with MFORR and coal strain behaviour

53

(sample 383418)
Figure 3.30 (b): Coal triaxial permeability test with MFORR and coal strain behaviour

54

(sample 383418)
Figure 3.30 (c): Coal triaxial permeability test with MFORR and coal strain behaviour

54

(sample 383418)
Figure 4.1: The delivered samples sub cored to obtain 5 specimens for the study

56

Figure 4.2: 4 Low permeability sandstone specimens before testing

57

Figure 4.3: Permeability value charts for sandstone specimens 1

57

Figure 4.4: Permeability value charts for sandstone specimens 2a

58

Figure 4.5: Permeability value charts for sandstone specimens 4a

58

Figure 4.6: Permeability value charts for sandstone specimens 4b

58

Figure 4.7: High permeability value specimen no 2b before testing

59

Figure 4.8: permeability value diagrams of specimen no 2a and 2b

60

Figure 4.9: Sample no 3 before and after sub coring from 80mm to 60mm

61

Figure 4.10: Permeability change for coal specimen no 383404

63

Figure 4.11: Permeability change for coal specimen no 383408

64

Figure 4.12: Permeability change for coal specimen no 383410

64

Figure 4.13: Permeability change for coal specimen no 383416

64

Figure 4.14: Permeability change for coal specimen no 383418

65

Figure 4.15: Permeability change for coal specimen no 383413

65

Figure 4.16: Permeability bands for CBM well completions (after Palmer, 2010)

66

viii

LIST OF TABLES
Table 2.1: Reservoir permeability classification

8

Table 3.1: Summary of four cylinder sandstone samples details for the

23

permeability test
Table 3.2: Summary of six cylinder coal samples details for the permeability

23

test
Table 3.3: sandstones samples detail

27

Table 3.4: The moisture content of sandstone samples

28

Table 3.5: Changes in weight after passing 72 hours in ambient temperature

28

Table 3.6: Moisture content changes during 72 hours after oven in ambient

28

temperature
Table 3.7: The numbering and geometrical parameters of tested samples
Table 3.8: The change of permeability with the confining stress

33
40

Table 3.9: 6 prepared coal specimens ready for the permeability test

42

Table 4.1: Palmer permeability classification of the tested coal

67

ix

LIST OF SYMBOLS AND ABBREVIATIONS
A

cross section area

Å

Angstrom (1 x 10-10 metres)

AS

Australia Standard

BSE

back-scattered electron

Bt

billion tonne

c

gas composition

CBM

coalbed methane

cc/g

cubic centimetres per gram

cf

free gas content

CSG

coal seam gas

c/t

cut through

cm

centimetre (1x10-2 metres)

d

density

daf

dry ash free

DDM

directional drill monitor

De

the effective diffusion coefficient

DGS

drill guidance system

ECBM

enhanced coal bed methane

EOS

equation of state

g

gram

GC

gas chromatograph

GHG

greenhouse gas

g/cm3

gram per cubic centimetre

h

height of the sample

H

hour

Hz

hertz

J/m2

joule per square metre

K

permeability of coal

kg

kilogram

kN

kilonewton

kPa

kilopascal

kV

kilovolts

L

litre

x

LV

low vacuum

L/min

litres per minute

MECCA

modular electrically-connected cable assembly

MG

main gate

m

metre

M

mass

mD

milli darcy

MFORR

multi-function outburst research rig

min

minute

mm

millimetre (1x10-3 metres)

MPa

megapascal

Mt

million tonne

m2/g

square metres per gram

m3/min

cubic metre per minute

m3/t

cubic metre per tonne

n

amount of substance

na

adsorbed gas content

nm

nanometre (1x10-9 metres)

NTP

normal temperature and pressure (20 ℃ and 101.325 kPa)

N2-ECBM

N2 injection to coalbed methane

P

absolute gas pressure

Pa

pascal

Patm

atmospheric pressure (101.325 kPa)

Pc

critical temperature

PL

Langmuir pressure

ppm

part per million

Q

flow rate of gas

QM

total measured gas content; sum of Q1, Q2 and Q3 (m3/t)

Q1

gas lost during coal core sample recovery (m3/t)

Q2

gas released from coal core sample during desorption testing (m3/t)

Q3

gas released from coal sample after crushing (m3/t)

r

radius

R

the universal constant

S

specific surface area

SCA

soundless cracking agent

xi

SE

secondary electron

SEM

scanning electron microscopy

SRK

Soave-Redlich-Kwong equation

T

temperature

TLV

threshold limit value

μ

viscosity of gas

μg

microgram (1x10-6 gram)

μm

micrometre, or micron (1x10-6 metres)

v

gas volume

V

cell or bomb volume

vf

flow velocity

VL

Langmuir volume

VR

vitrinite reflectance

VPDB

IAEA international standard defining Vienna Peedee Belemnite

V0

molar volume of gas

x

space dimension

Z

compressibility factor

Ɛ

porosity

λ

gas permeability coefficient

ᵞ

surface tension

Г

surface excess

ψd

gas diffusive flux

δ13C

isotope carbon-13

℃

degree centigrade

%

one in a hundred

‰

one in a thousand

xii

CHAPTER ONE - GENERAL INTRODUCTION

1.1

Introduction

Uniformity cannot be expected from any of natural phenomenon, neither in
behaviour nor in structure. Every particle has its unique structure and pattern. The
nature of each and every particle must be known and clearly recognised. Rocks are
one of the most variable engineering materials with many factors controlling its
individuality. One of these factors is permeability.
Permeability is the ability of porous materials to transport at fluids, through its
interconnecting voids. The resistance to flow depends on several factors such as rock
type, geometry of the voids based on size and shape of the voids within the rock, the
surface tension of water, temperature and viscosity effects. Therefore the coefficient
of permeability is a function of rock type, pore size, entrapped air in the pores, rock
temperature, and viscosity of water. According toBhawani and Goel (2011),
permeability of rocks is non-linear and non-uniform because of rock defects, such as
irregular distribution and the amount of fissures and voids. The non-uniform
permeability in rocks may be caused by contraction and expansion of rock fissures
that clearly shows the significance of studies in this field of rock mechanics. In
recent years there has been an increasing interest in the analysis of coupled flow and
stress in porous rocks (Zhou, Sharma, Chen, & Rong, 2008), however, the
characterisation of fluid flow through fractured rocks is still an important issue in
rock mechanics. This difficulty largely comes from the fact that rock is a
heterogeneous geological material that contains various natural fractures of different
scales (Jing, 2003). It is also difficult to monitor fracture flow in experiments
(Renard, Ortoleva, & Gratier, 1997).
The appearance of water flow in rock fractures becomes a concern of engineering
stability in the field of underground openings, rock slope and water dam foundations.
The fluid flow through rock fractures correlates with economic production in the
field of mining, petroleum exploitation and geothermal extraction (Zhang, 2012).
The aim of this study is to characterise permeability in various rock formations in
Australia to broaden the rock permeability knowledge in different rock formations.
1

Two kinds of common rock formations have been selected for this study: coal and
sandstone. Based on geological palaeography of Australia, over hundreds of millions
of years, various parts of this continent were submerged under the sea that is why
most of the land under the highlands is sandstone which once formed on the ocean
floor. Sandstone is still quarried today in New South Wales. About 300 million years
ago during the Carboniferous Period glaciers covered part of the Australian eastern
shore. The subsequent erosion caused by rivers of molten ice contributed to the
current land formation. Coal swamps were laid down in the eastern region during
that time and during the Cretaceous Period. The two groups of selected rock samples
can be a good representative of two major rock formations among the others in New
South Wales, Australia.
Two specialised permeability apparatuses, Multi-Functional outburst research rigs
(MFORR), and Triaxial pressure apparatus have been used to study rock
permeability behaviour under various confining pressures. The findings from this
study would be pertinent to effective rock drainage for improved control of the water
resources formations and gas drainage as the nature of this study is to investigate the
rock behaviour in presence of fluid (water and gas) flow through different rock
formations.

1.2

Research objectives

The aim of this project is to examine experimentally the permeability behaviour of
different rock formations. Coal and sandstone samples have been chosen due to the
vast variety of these rock formations in Australia. Laboratory investigation
conducted to measure the permeability of the tested rock under different axial and
confining pressures similar to in situ conditions that can vary rock permeability
observed in the field. As excavations proceed at different depths and in different
types of rock, the rock permeability can be changed by confining pressure as HM
processes; thus, it is important to evaluate permeability before and within the residual
strength state. In order to achieve this overall objective, the following specific
objectives were pursued during the course of the investigation:

2

1.

Determination of the variation in permeability with pore pressure in the

laboratory;
2. Investigate different parameters which affect permeability behaviour among
different rock formations and characterise each of them.
Many studies have been conducted to understand the behaviour of permeability
under compression. This research, however is unique because (1)the number of tests
densely covered the range of confining pressures in both selected rock
groups,(2)axial compression was applied so as to observe the entire permeability
axial strain relationship up to the residual strength, (3)results for each rock group
types were compared.

1.3

Thesis experimental study

During the first phase of this study laboratory experiments were carried out to
determine the variation of permeability in coal and sandstone samples subject to
triaxial loading conditions. The results obtained from the experimental phase of the
study would provide some insight into the permeability behaviour as experienced in
situ. Moreover, the estimation of shrinkage/swelling behaviour of coal matrix in coal
samples was carried out. For each sample group a different apparatus was used. For
coal samples Multi Functional Research Rig (MFORR) was used while sandstone
samples were examined by triaxial confining pressure apparatus due to their
differences in graining size and permeability behaviour.

1.4

Thesis outline

This study is presented in five chapters. A flowchart of the arrangement of the thesis
is presented in Figure (1.1)

3

Chapter One
General Introduction

Chapter Two
Background and literature review

Chapter Three
Investigation of permeability of various rocks – Testing equipment

Chapter Four
Analysis and Discussion

Chapter Five
Conclusions and recommendations
Figure 1.1: Structure of Chapters in the thesis



Chapter 1 presents the general purpose of the research and objectives of this
study



Chapter 2 describes the background and literature review



Chapter 3 details the investigation of permeability in two groups of rocks in
Australia and contains sample preparation, testing equipment and testing
conduction



Chapter 4 presents the results of permeability testing conducted on various
coal and sandstone samples and compares the results. The two testing
methods are compared and discussed.



Chapter 5 summarises the results and principal conclusions of the research
work presented in the thesis and lists suggested areas requiring further
research

4

CHAPTER TWO - A REVIEW OF ROCK PERMEABILITY

2.1

Introduction

This chapter provides an overview of past investigations devoted to understanding
the permeability behaviour and factors that impact the permeability of the coal and
sandstone samples, followed by a brief review of rock permeability characteristics in
coal and sandstones. Finally, a brief description of the background of some of the
coal permeability measurements in New South Wales, Australia has been added.

2.2

Rock permeability characteristic

Permeability is a physical property of porous materials, which determines the flow of
fluid through the material by an applied pressure gradient. It may be described as the
“fluid conductivity” of the porous material. Permeability is also used to describe the
resistance of strata to the passage of gas through it(Mordecai & Morris, 1974). It is
however a dynamic property, therefore any in situ measurement simply provides a
static snapshot (Zutshi & Harpalani, 2005). Because of rock defects, such as
irregularity in the amount of fissures and voids and their distribution, permeability of
rocks is non-linear and non-uniform. Non-uniform permeability in rocks may also be
caused by contraction and expansion of rock fissures; therefore, the concept of a
regular groundwater table is not applicable in complex geological (Singh & Goel,
2011).

2.2.1 Permeability
According to Glover (1997 ) the permeability of a rock is a measure of the ease with
which the rock will permit the passage of fluids. About 150 years ago Darcy carried
out simple experiments on packs of sand, and hence developed an empirical formula
that remains the main permeability formula used in the oil, mining and other
industries today. Darcy used the apparatus shown in Figure (2.1), where he used a
vertical sand pack through which water flowed under the influence of gravity while
measuring the fluid pressures at the top and bottom of the pack by the heights of
manometers. The difference in fluid pressures can be calculated from h1–h2,
5

providing that the density of the fluid is known. The Darcy’s formula has since been
validated for most rock types and certain common fluids. Darcy’s formula can be
expressed as (Glover, 1997 ):

where:

Q = the flow rate (cm3/s or m3/s)
Po = the outlet fluid pressure (dynes/cm2 or Pa)
Pi = the inlet fluid pressure (dynes/cm2 or Pa)
m = the dynamic viscosity of the fluid (poise or Pa.s)
L = the length of the tube (cm or m)
k = the permeability of the sample (Darcy or m2)
A = the area of the sample (cm2 or m2)

Figure 2.1: The Darcy apparatus (Glover, 1997)

One Darcy is the permeability of a sample 1 cm long with a cross-sectional area of 1
cm2, when a pressure difference of 1 dyne/cm2 between the ends of the sample
causes a fluid with a dynamic viscosity of 1 poise to flow at a rate of 1 cm3/s (Fig.
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2.2). In geological applications the Darcy is commonly too large for practical
purposes, so the millidarcy (mD) is used, where 1000 mD = 1D.

Figure 2.2: Permeability definition

For liquids (oil and water):

Where:

ΔV = the volume of liquid flowed in time ΔT (cm3)
ΔT = the time period over which flow is measured (s)
Q = the flow rate = ΔV/ΔT (cm3/s)
Po = the outlet fluid pressure (atmospheres absolute, atma)
Pi = the inlet fluid pressure (atmospheres absolute, atma)
µ = the dynamic viscosity of the fluid (centipoise, cP)
L = the length of the sample (cm)
k = the permeability of the sample (millidarcy, mD)
A = the area of the sample (cm2).

For gasses (hydrocarbon gasses or nitrogen):

Where:

ΔV = the volume of gas flowed in time ΔT measured at atmospheric pressure (cm3)
ΔT = the time period over which flow is measured (s)
Q = the flow rate = ΔV/ΔT (cm3/s)
Po = the outlet fluid pressure (atmospheres absolute, atma)
Pi = the inlet fluid pressure (atmospheres absolute, atma)
Patm = the atmospheric pressure (atmospheres absolute, atms, =1)
µ = the dynamic viscosity of the fluid (centipoise, cP)
L = the length of the sample (cm)
k = the permeability of the sample (millidarcy, mD)
A = the area of the sample (cm2).

7

2.2.1.1

Controls on Permeability and the Range of Permeability Values in
Nature

The higher the porosity the higher the permeability (Glover, 1997 ). However,
permeability also depends upon the connectivity of the pore spaces, in order that a
pathway for fluid flow is possible. The connectivity of pores depends upon many
factors including size and shape of grains, the grain size distribution, and other
factors such as the operation of capillary forces that depend upon the wetting
properties of the rock. The permeability of rocks vary widely, from 1 nanodarcy, nD
(1x10-9 D) to 1 microdarcy, mD (1x10-6 D) for granites, shales and clays that form
cap-rocks or compartmentalise a reservoir, to several darcies for extremely good
reservoir rocks. In general a cut-off of 1 mD is applied to reservoir rocks, below
which the rock is not considered as a good reservoir rock unless unusual
circumstances apply (e.g., it is a fractured reservoir). For reservoir rocks permeability
can be classified as in Table (2.1) below (Glover, 1997 ).

Table 2.1: Reservoir permeability classification (Glover, 1997 )

2.2.1.2

Permeability Determination

Permeability is measured in the laboratory by pressure feeding a fluid of known
viscosity through a core sample of known dimensions at a set rate, and measuring the
pressure drop across the core, or by setting the fluid to flow at a set pressure
difference, and measuring the flow rate produced(Glover, 1997 ).
Under in situ condition, anthropogenic excavation process is readily to result in stress
redistribution in the surrounding rock mass, which necessarily alter the in situ stress
status and in turns impact the porous structure of the front of mining face. Because of
coal displaying a stress-sensitive permeability, its permeability tends to be disturbed
by the stress concentration. Thus, investigation of mechanical effects on the
permeability of the different rock sample plays a key role to have better
understanding of in situ condition which is more realistic and the laboratory results
8

cannot reach the exact indexes and values but by having sufficient sampling the
result can be close to the in situ conditions. Knill (1969) conducted extensive field
studies at 89 concrete dam sites in the United Kingdom, which illustrated his
correlation between velocity ratio and permeability measured by conventional packer
tests. Velocity ratio is defined as a ratio between field velocity measured from
seismic survey and velocity through rock core measured in the laboratory. It is
essential that both the measurements are performed on saturated rocks. According to
him in situ permeability increases by ten thousand times with a decrease in the
velocity ratio from 1.0 to 0.5 due to fractures (Bhawani & Goel, 2011).
The permeability of in situ soils and rocks are usually determined by a pumping test
and/or the water pressure test, which is also called a “Lugeon test.”
The Lugeon method or water pressure test is done in a drill hole. The test does not
give the permeability coefficient, k. The test does, however, give a quantitative
comparison of the in situ permeability. The Lugeon test is generally performed to
establish a criterion for grouting rock masses. The approach, developed by Professor
Maurice Lugeon (1933), is based on the lugeon unit, which is obtained from water
injection and absorption testing in situ. One lugeon unit corresponds to 1 litre of
water absorption at the rate of 1 litre/minute from a 1 meter test length of a borehole
when the water in the borehole remains at a pressure of 1 MPa over a period of 10
minutes. Accordingly, a rock mass absorbing less than one lugeon unit of water is
considered to be reasonably watertight so no grouting is needed (Bhawani & Goel,
2011).
2.2.2 Coal permeability
Permeability is one of the most important parameters that affect gas production rates
and reservoir recovery in coal-bed methane (Shi & Durucan, 2003; Wallace & Bruce,
1990). Coal is generally defined as a dual porosity rock, containing both macro pore
and micro pore systems as shown in Fig. (2.3), the macro pore system consists of a
naturally occurring network of fractures called cleats, serving as the primary
pathways for gas transport. The micro porosity of coal is within the coal matrix
blocks, surrounded and separated by cleats, consisting of large number of
interconnected pores that serve as the storehouse for methane in adsorbed form
(Mitra, Harpalani, Satya, Liu, & Shimin, 2012).
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Figure 2.3: Physical structure, model of coal form (Mitra et al., 2012).

Permeability of coal can be calculated using the following Darcy’s equation:

Permeability has units of area (m2) in the SI units system, but the usual unit for
permeability is the Darcy. The Darcy unit represents the flow capacity required for
1ml of fluid to flow through 1 cm2 for a distance of 1 cm when 1 atmosphere of
pressure is applied, that is;
1 m2 = 10000 cm2 = 1.01x 1012 Darcy
There are some conditions that are required for this Equation:
•
•
•

Porous medium is not reacting with the flowing fluid.
Assumed single phase flow.
Reynold’s number is of the order of 1, based on superficial velocity.
Lingard, Phillips, and Doig (1982)

According to Wallace and Bruce (1990), the permeability of US coals is usually in
the range of 1 to 60 mD. Hayes (1982), reported that the Bulli seam permeability is
considerably less than 1 mD. Lingard et al. (1982) reported permeability of
Australian coals from Appin, Westcliff and Leichhardt Collieries that varied from
less than 0.1 mD to 100 mD.
10

Permeability values vary according to gas type and differential pressure across the
coal seam. This effect was originally detected with the gas flowing through capillary
tubes, and becomes more pronounced when the diameter of the capillary tubes
approaches the mean free path of the gas molecule, which is a function of the
molecular weight and kinetic energy of the gas. For equal pressures, a small
molecule in the gas phase will exhibit significantly more slippage when travelling
through the medium than a larger gas molecule. For a liquid that totally fills the
medium, there will be no slippage. The effect of gas slippage on the permeability
value was identified and quantified by Klinkenberg (1941).

2.2.2.1 Mechanism of gas storage and transport in coal
According to Black (2011), permeability is one of the most important factors
impacting on the rate of gas emission from coal. To properly plan the gas drainage
system in a mine, information about gas pressure, gas composition, location of the
gas reservoirs and permeability of the seam is required. Highly permeable coal offers
a good opportunity to recover methane. Methane in coal is stored in three forms: (a)
adsorbed molecules on the surface of micro pores within the coal matrix, (b) free gas
within the pores and cleats, and (c) dissolved in water within the reservoir (Rightmire
et al., 1984). However, most of the methane produced in coal is stored in the micro
pores in adsorbed form (Gray, 1987). The amount of gas that can be adsorbed by coal
at any given pressure is best described by an adsorption isotherm. The most
commonly used adsorption model for coal is the Langmuir isotherm, although other
models based on BET theory and Polanyi’s potential theory also exist (Prusty, 2008).
The Langmuir adsorption isotherm is based on the assumption that, at constant
temperature and pressure, a state of dynamic equilibrium exists between adsorbed
and free gas phases, and the adsorption is restricted to formation of a single layer
(Gregg & Sing, 1982). The Langmuir isotherm is represented as:

Where: V is the volume of gas adsorbed at pressure P, VL is the maximum
monolayer sorptive capacity, also known as Langmuir volume, and PL is the
pressure at which the adsorbed volume is half of the Langmuir volume, also known
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as Langmuir pressure. Adsorption of methane in coal is influenced by temperature,
pressure, coal rank and ash (Mitra, 2010).

2.2.2.2 Total volume of gas in coal
Saghafi, Faiz, and Roberts (2007) studies show that the total volume of gas in coal
can be divided in:
- Free gas: compressed in the pores. It is small compared to the total gas contained in
coal;
- Adsorbed gas: on the internal surface of the pores. This amount of gas is about
90% of the total gas in coal;
- Absorbed gas: contained in closed pores or deeply in the solid matter.

2.2.2.3 Factors affecting the coal permeability
According to Enever and Henning (1997), factors influencing coal permeability are:
effective stress, coal petrography, mineralisation, degree of fracturing, gas type and
pressure and water (Enever & Henning, 1997).
Effective stress is one of the most important factors which have a significant
influence on coal permeability. In fractured reservoirs, such as coal-beds, the
permeability of coal is sensitive to stress variation or pore (Palmer & Mansoori,
1996). Lingard et al. (1982) stated that permeability cannot be studied without
reference to in situ stress conditions. Others examining the effect of stress on coal
permeability (Durucan, 2003; Gunter, 1968; Hargraves, 1983; Patching, 1965;
Pomeroy & Robinson, 1967; Puri & Seidle, 1992; Rose & Foh, 1984; Somerton,
Soylemezoglu, & Dudley, 1975) include a wide range of permeability values were
measured under various stresses. The permeability of a particular coal was found to
depend on the level of the confining pressure (stress). For example a permeability of
12 mD at 0.07 MPa confining pressure changed to 0.0035 mD at 20 MPa.
Somerton et al. (1975) found that increased applied stress in constrained coal
samples caused a decrease in permeability of several orders of magnitude, up to the
point where micro fracturing occurred, and permeability increased again beyond this
point.
Limited tests on measuring the permeability of coal have been undertaken on
different Australian coals. The measured permeability for the Bulli coal seam under
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triaxial conditions varies from 0.001 mD (Lingard, Phillips, & Doig, 1984) to 0.15
mD (Somers, 1993). Their results also showed that, in all tests the permeability could
decrease with increasing stress. Xue and Thomas (1991)investigated the variation of
Australian coal sample permeability with confining stress and changing gas mean
pressure. They showed that the permeability of coal increased when the mean gas
pressure was decreased. However, the coal samples were one to two orders of
magnitude smaller in permeability as the confining stress increased from 1 MPa to 15
MPa.
Somers (1993), found that under 5 MPa confining pressure, Bulli coal samples had
an average permeability of 30 mD, with West Cliff coal 21mD, Tower 45 mD, and
Tahmoor 17 mD. Ulan coal permeability was around 16 mD. Gray (1987) also
presented a relationship between effective stress and permeability for cores taken
from Leichhardt Colliery in the Bowen Basin, The relationship, shown in Figure 4.1,
is based on:
k = 1.013 x 10 - 0.31s where: k is the dry permeability in mD and “s” is the effective
triaxial confining stress in MPa. As can be seen in Figure (2.4), there is an order of
permeability reduction with increase effective stress.

Figure 2.4: Relationship between permeability and effective stress based on field studies. (Gray, 1995)
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2.2.2.4

Background of some of the coal permeability measurements

Permeability of coal is affected by various factors that include effective stress, gas
pressure, water content, disturbance associated with drilling and matrix
swelling/shrinkage due to adsorption(Gray, 1987; Zutshi & Harpalani, 2005).
According to Black (2011) most of these parameters change continuously with time
making the process of gas flow in coal difficult to predict and model. The main
researches in this field are as follows: in 2000, Peng SP et al conducted seepage tests
in different rocks in the completely stress strain process, and a general curve that the
permeability of rock varied with the axial strain was obtained; Yang YJ (Yang, Chu,
& Huan, 2008; Yang, Song, & Chen, 2007) did seepage test in coal, and the
experimental results showed that the trend of the curve of the permeability varied
with the strain keep the same with that of the curve of stress varied with strain, but
the maximum permeability fell behind the peak of stress, the experimental results
also indicated that confining pressure had a more significant impact on coal than
other rocks (Luo, Qin, Zhang, & Wang, 2011).
Permeability measurements conducted using small coal samples in laboratory
conditions have been shown to be inconsistent with measured bulk in situ
permeability. Testing at Leichhardt Colliery by (Gray, 1982) measured core
permeability less than 5 mD whereas the bulk permeability was found to be in the
order of 200 mD for drainage along the cleat.
Gray (1987) demonstrated the presence of two processes impacting the permeability
of the cleat structure within a coal seam; the first being the influence of phase effects
whereby the degree of water saturation affects the gas and water permeability of the
reservoir; and the second, and potentially more significant, being the impact of
changes in effective stress. As a function of effective stress, permeability may
increase or decrease in response to stress changes associated with drainage thereby
influencing the gas production performance from a coal seam reservoir.
According to Aziz, Ren, Nemcik, and Zhang (2013), a number of different
permeability testing apparatus have been reported which eventually being developed
through the time. They are basically triaxial cells, which simulate the in situ
conditions. Some apparatus consists of a conventional triaxial cell, modified to
provide gas inlet and exist ports through the upper and lower platens, Harpalani and
14

Schraufnagel (1990), while others are more elaborate in design, such as those
reported by Lingard et al. (1982), Lama (1995), Gillies et al. (1995) and Nakajima et
al. (1995). The mode of permeability testing, using these different apparatus
however, can vary with respect to the way and role of the confinement pressure
application. Permeability of coal is significantly dependent on effective stress and
confining stress (Jasinge, Ranjith, & Choi, 2011; Pan, Connell, & Camilleri, 2010; A.
R. Scott, 2002; Sereshki, 2005; Xue & Thomas, 1995) and it deceases with increasing
effective stress. Meanwhile, coal swells with gas adsorption, and shrinks with gas
desorption. Under reservoir conditions these strain changes affect the cleat porosity and
thus permeability. Cleat compressibility is also changed with gas species and pressure,
confirmed by Scott (2002) a significant decrease in permeability with increasing depth
indicated that cleat apertures were becoming narrower as effective stress increases

According to previous studies permeability have a significant impact on the ability of
a coal seam to produce gas. A recent study by Zhang (2012), examining factors
contributing to effective drainage of gas from coal by MFORR, found significant
lack of information on coal permeability in comparison with other parameters.
Accordingly, research on coal permeability is ongoing, and this study forms a part of
such endeavour to improve the knowledge about coal permeability and also improve
both the method and the apparatus assembly during this set of experiments with
MFORR. The main issue is to choose a proper testing method, which full fill the
need for better understanding of permeability of low permeable rock formations like
coal and course grained rocks.
On the current study, coal group tests were carried out using a Multi Function
Outburst Research Rig (MFORR) which was previously reported by , Aziz and Li
(1999), Sereshki (2005) and Zhang (2012); Jones, Ahmed, Abou-Sayed, Mahyera, and
Sakashita (1982); Osisanya and Schaffitzel (1996) and Lamarre (2007), while the

sandstone group tests were conducted using a high pressure triaxial cell, which was
previously reported by Indraratna and Haque (1999); Jasinge et al. (2011); Perera,
Ranjith, Choi, and Airey (2011) and Zhang (2012).
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2.2.3 Sandstone permeability
Permeability is perhaps one of the most important yet elusive reservoir properties
(Kameda, 2004). To have a better understanding of sandstone permeability a short
review on the effect of diagenesis and texture on fluid transport properties of
sandstone is necessary.

2.2.3.1

Diagenesis of Sandstone

Diagenesis refers to processes that alter sediments or sedimentary rock subsequent to
deposition. The diagenetic processes are physical, chemical and biological in nature.
The sediment provenance as well as transport mechanisms (air, water, and gravity
forces) determine the initial texture, including grain size, sorting and grain shape.
The post depositional alteration and diagenesis change the texture by compaction,
cementation, replacement, recrystallization, and dissolution. Pore structure in
sandstone and other clastic sediments, and consequently, porosity and permeability,
are altered by diagenesis (e.g., Beard and Weyl (1973)). All depositional and
diagenetic factors affect the pore space topology, and thus the porosity and
permeability (Figures 2.5 and 2.6).

Figure 2.5: This log (Wilson & Stanton, 1994) shows vertical variations in porosity and permeability
in deeply buried channel sandstone. Porosity and permeability closely correlate with the grain size and
matrix content (lithology).
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Figure 2.6: Porosity versus permeability in eolian sandstone of the Norphlet Formation, Mississippi
(Studlick et al., 1990). Upper and lower Norphlet formations had different diagenetic paths that affect
the permeability values. The permeability of the lower Norphlet, where fibrous illite and halite cement
are present, is an order of magnitude lower than that of the upper Norphlet. Illite and halite practically
do not affect porosity but act to greatly reduce permeability.

Diagenesis includes both physical and chemical processes (Figure 2.7). Physical
diagenesis includes both bioturbation and compaction. Some examples of chemical
diagenesis are cementation, dissolution, replacement, recrystallization, and
hydrocarbon generation (Boggs, 1992).

Figure 2.7: Generalized depth and temperature regimes for the major diagenetic processes from
(Wilson & Stanton, 1994). The widths of the bars indicate the relative rates at which the processes
operate.
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Bioturbation (Figure 2.8) reworks the deposited sediments through various crawling,
burrowing and sediment-ingesting of organisms, thus destroying primary
depositional features. However, subsequent changes in porosity due to compaction
overshadow the effects of bioturbation.

Figure 2.8: Microburrows of sediments in the southern Portuguese continental slope
(Lowemark, 2003).

Compaction is the reduction of sediment volume and decrease in porosity resulting
from sediment loading and tectonic forces. Overburden weight results mainly from
the sediment rock mass. At a 10 km depth the rock pressure is roughly 250 MPa
(Boggs, 1992). Temperature also influences compaction by promoting pressure
solution. Physical diagenesis, therefore, is intimately related to chemical diagenesis
(Figure 2.9).

Figure 2.9: Scanning Electron Image showing the effect of compaction of sandstone from Frio
Formation, Gulf of Mexico (Makowitz & Milliken, 2002).The yellow arrow shows a partially filled
fracture. The red arrow shows a quartz-filled fracture. Compaction is intimately related to chemical
diagenesis(Kameda, 2004).
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Chemical diagenesis is a process caused by chemical reactions in rock due to change
in pressure and temperature. As most sediment are either deposited subaqueously or
buried below the water table, they become saturated with water. During burial,
minerals are in constant contact with water that may contain various levels of salinity
and various redox conditions, oxic to anoxic (Kameda, 2004). The pore waters may
also contain dissolved organic carbon. Sandstone commonly contains less than about
0.5 percent organic carbon (Boggs, 1992). Organic contents are reactive and can
generate reaction products such as hydrogen and bicarbonate ions that change initial
pore-water conditions and make other mineral components unstable. During early
burial, these chemical reactions can lead to the precipitation of pyrite, chlorite,
illite/smectite, quartz and feldspar overgrowth, and the precipitation of carbonate
cements (Burley, Kantorowicz, & Waugh, 1985).

Cementation plays a major role in reducing porosity and can inhibit compaction if
cementation occurs at an early stage of diagenesis. Minerals that are most common in
sandstone include carbonate, silica, and clay minerals. Carbonate cements,
commonly calcite or dolomites, may fill pore spaces with a mosaic of fine crystals or
with a single large crystal. Silica cements most commonly occur as overgrowths on
quartz grains. Quartz is the most important porosity destroying cement in sandstone
reservoirs (Giles, 1997). Most sandstone, by definition, contains little detrital clay,
but alteration of feldspars and ferromagnesian minerals can form authigenic clay
(Figure 2.10). Also, pore waters from shale sequences can migrate into sandstone and
may lead to clay precipitation there. There are cements that grow around the grains
(rim cements) as well as cements that fill the pore space (occluding cements) (Figure
2.11). Such different growth-patterns can greatly affect permeability.
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Figure 2.10: An example of diagenetic patterns in sandstone showing kaolinite clay bridging two sand
grains. Photo courtesy M. Prasad. Kaolinite forms as blocky crystal form and as it grows it grows into
the intergranular pore space. The image is ultrasonic microscopy (Kameda, 2004).

Figure 2.11: Major categories of cements, rim and occluding cements, from Wilson and Stanton
(1994). While rim cements grow around the grains, the occluding cements fill the pore space

2.2.3.2

Background of the rock permeability measurements

Many advances have been made in the long term study of the permeability of various
rocks as well as its improved models for fluid calculation (Oda, 1985; Palmer &
Mansoori, 1996; Rutqvist J., 1995; Wu & Pruess, 2000; Zhu & Wong, 1997). In
order to establish the dependency of the permeability of rocks on effective pressure,
the most commonly used experimental set-up is a triaxial cell, which allows
investigation of the effects of different stress paths, in hydrostatic (MORROW, BOCHONG, & BYERLEE, 1984; Walsh & Brace, 1984; Wilson & Stanton, 1994;
Zoback & Byerlee, 1975), deviatoric (Rhett & Teufel, 1992; Wong, David, & Zhu,
1997) or uniaxial conditions (Trautwein & Huenges, 2005). Owing to the geometry
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of a classical triaxial cell, some authors have acknowledged the importance of
frictional effects at the piston/sample interfaces. However, these effects mostly have
been documented in soil mechanic (Lee, 1978; Sheng, Westerberg, Mattsson, &
xelsson, 1997) rather than for consolidated geo materials. In addition, Korsnes,
Risnes, Faldaas, and Norland (2006) have investigated the influence of these end
effects on permeability of both chalks and sandstones using a modified core sleeve,
which allows pore pressure sampling in a region distant from the interfaces where
frictional effects take place (Dautriat, Gland, Guelard, Dimanov, & Raphanel, 2009).
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CHAPTER
THREE
PERMEABILITY OF
EQUIPMENT

EXPERIMENTAL
INVESTIGATION
ON
VARIOUS ROCK FORMATIONS– TESTING

3.1 Introduction
This chapter presents a short description of the two types of apparatus, which have
been used for testing of coal and sandstone permeability.

Details of preparing

sample specimens and description of setting them in cell bombs are illustrated. In
addition the procedures for testing every specimen are given. The work presented
here outlines the procedures and execution of the steps undertaken in the
experimental program of this thesis. It should be mentioned that sample preparation
prior to testing is the most important aspect in regard to the aims and objectives of
this thesis. Due to the destructive nature of testing, the samples were tested once
only, highlighting how critically important it is to get the preparation right.
Significant time was therefore dedicated to the preparation of the samples and
sealing the cell bombs.
For each group of specimen a different apparatus have been used, because of the
difference in permeability rates of each group. Coal specimens were tested using the
Multi-Functional Outburst Research Rig (MFORR) and sandstone specimens by the
high pressure triaxial cell. Each and every one of the samples needed special
treatment prior to testing. In this chapter the experimental design of the tests for each
group of samples, properties and procedure will be discussed as well as
instrumentation and details of each apparatus which have been used.
3.1.1 Sample properties
The samples, which have been selected for this study, are from different sandstone
and coal formations from different underground mines in New South Wales,
Australia. Four Sandstone cores 80 mm in diameter and different lengths came from
an underground mine (Mine A). For transportation, the cored sandstone samples
were carefully sealed to prevent sample degradation due to drying and rough
handling. Six coal core samples were collected from another mine (MINE B),
Sydney Basin of NSW. The 63 mm diameter core samples varied in length, and were
received as moist samples and wrapped. All samples were then prepared for testing
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according to the apparatus requirements. Table 3.1 and Table 3.2 illustrate the
summary of received samples.
Table 3.1: Summary of four cylinder sandstone samples details for the permeability test
NO

SAMPLE NAME

DIAMETER
(mm)

LENGTH
(mm)

WEIGHT
(kg)

1

218.64-218.92

80mm

250mm

3.646kg

2

234.81-235.04

80mm

220mm

2.783kg

3

226.59-226.81

80mm

200mm

2.898kg

4

267.48-267.87

80mm

370mm

4.583kg

Table 3.2: Summary of six cylinder coal samples details for the permeability test
NO

SAMPLE NAME

DIAMETER
(mm)

LENGHT
(mm)

1

383404

61mm

130mm

2

383408

61mm

200mm

3

383410

61mm

153mm

4

383413

61mm

120mm

5

383416

61mm

190mm

6

383418

61mm

210mm

3.1.2 Instrumentation
3.1.2.1 Drying Oven
A digital drying oven was used to measure the moisture content for all sandstone
samples before sub-coring the samples to a smaller diameter. The drying oven was
set to the temperature of 105°C (Figure 3.1).

Figure 3.1: The laboratory oven used for moisture testing of rock samples
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3.1.2.2 Triaxial Compression Apparatus

Traditional triaxial apparatus was developed in the 1930‘s (Zhang, 2012) for
investigating stress-strain behaviour and compressive shear strength of soil, rock and
other solid materials. Different kinds of triaxial cells have since been designed to
mimic practical stress situations that occur in situ. The high pressure triaxial
equipment used in this study and shown in Figure 3.2 has been reported by various
researchers (Indraratna & Haque, 1999; Indraratna & Haque, 2000; Zhang, 2012).
The triaxial flow testing system consists of five main units as schematically
illustrated in Fig. 3.2:
(1) Triaxial cell;
(2) Loading unit;
(3) Water supply unit;
(4) Monitoring unit;
(5) Computer-aided data-acquisition unit.

Figure 3.2: Schematics of triaxial water flow testing set-up (Zhang, 2012)

The loading unit includes the sets of both axial and lateral loading. The axial loading
has two operational options and can be used in either stress control or velocity
control, while the lateral confinement is applied via silicone oil pressurised by a
servo-controlled hydraulic pump. Using the measuring unit, the axial and lateral
deformations of rock sample are monitored by a Linear Variable Differential
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Transducer (LVDT) and a pair of optical fibre laser sensors, respectively. The
confining oil pressure and water pressure at the inlet and outlet are monitored by
individual pressure transducer (Fig 3.3 by Zhang (2012)).

Figure 3.3: Assembled testing system (Zhang, 2012)

3.1.2.3 Multi Functional Outburst Research Rig (MFORR) Apparatus
Figure 3.4 shows an assembly view of the MFORR. It comprises the following
components which can be utilised in triaxial permeability test of coal.
•

The main apparatus support frame

•

A precision drill

•

A high pressure chamber which has a load cell for measuring the load applied
to the samples of coal

•

A pressure transducer for measuring the pressure inside the chamber

•

Flow meters for measuring the gas flow rate

•

Two strain gauges for measuring the vertical and horizontal strains of the coal
sample

•

A universal socket for loading a sample of coal vertically into the gas
pressure chamber

•

A gas chromatographer (GC)

•

A data acquisition system

25

Figure 3.4: Multi-Function Outburst Research Rig (MFORR) with GC (Zhang, 2012)

In this apparatus, a sturdy steel structure, houses the gas chamber and a universal
thrust connector. The gas pressure chamber is a hollow rectangular prism of cast iron
with removable front and back viewing plates. The dimensions of the box are 110
mm x 110 mm x 140 mm. The viewing windows are made of 20 mm thick glass in a
cast iron frame. Housed in the chamber is a 1210-BF interfaced a 40 KN load cell
capacity for monitoring the load applied.

3.2 Experimental investigation on sandstone permeability
3.2.1 Introduction
Sandstone core samples were collected from a mine (MINE A), Sydney Basin of
NSW. The 80 mm diameter core samples varied in grain size ranging from medium
grained to course grained sizes, and were received as moist samples and wrapped.
Once unwrapped the samples were tested for moisture content (Figure 3.5).
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Figure 3.5: sandstone samples

3.2.2 Moisture content of sandstone samples
All four sandstone core samples were weighed and tested for moisture content in
accordance to the ISRM standard (ISRM 2006).
Table 3.3 shows the detail of the sandstone samples.

Table 3.3: sandstones samples detail
NO

SAMPLE NAME

DIAMETER
(mm)

LENGTH
(mm)

WEIGHT
(kg)

1
2
3
4

218.64-218.92
234.81-235.04
226.59-226.81
267.48-267.87

80mm
80mm
80mm
80mm

250mm
220mm
200mm
370mm

3.646kg
2.783kg
2.898kg
4.583kg

To measure the moisture content, all samples were placed in an oven and dried for 72
hours in 105ᵒ C. The moisture of each sample was determined based on the weight
differences between opening the sample package and after taking the samples out of
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the oven. The results are presented in Table 3.4. Changes in moisture content was
also determined at different drying time intervals of changes in the samples moisture
content 24hrs, 36hrs and 72hrs to investigate the sandstone drying ability.

Table 3.4: The moisture content of sandstone samples
NO

SAMPLE NAME

WEIGHT exactly after

WEIGHT after 72

opening the sample

hours in oven

package (kg)

(kg)

Moisture
content (%)

1

218.64-218.92

3.646kg

3.339kg

8.42%

2

234.81-235.04

2.783kg

2.487kg

10.63%

3

226.59-226.81

2.898kg

2.731kg

5.76%

4

267.48-267.87

4.583kg

4.075kg

11.08%

Moisture content of each of the four samples was different due to the variety of their
grain size and voids. Table 3.5 shows the weight change after oven also the change in
moisture content was measured according to the weight changes which summarized
in Table 3.6.

Table 3.5: Changes in weight after passing 72 hours in ambient temperature
NO

SAMPLE NAME

WEIGHT after oven

WEIGHT 24hrs

WEIGHT 48hrs

WEIGHT 72hrs after

(kg)

after oven (kg)

after oven(kg)

oven(kg)

1

218.64-218.92

3.339kg

3.343 kg

3.345 kg

3.345 kg

2

234.81-235.04

2.487kg

2.487 kg

2.489 kg

2.489 kg

3

226.59-226.81

2.731kg

2.732 kg

2.733 kg

2.733 kg

4

267.48-267.87

4.075kg

4.077 kg

4.078 kg

4.079 kg

Table 3.6: Moisture content changes during 72 hours after oven in ambient temperature
NO

SAMPLE NAME

WEIGHT exactly after
opening the sample
package (kg)

Moisture
content after
oven(%)

Moisture content
24hrs after oven
(%)

Moisture
content 48hrs
after oven (%)

1
2
3
4

218.64-218.92
234.81-235.04
226.59-226.81
267.48-267.87

3.646
2.783
2.898
4.583

8.420
10.636
5.763
11.084

8.310
10.636
5.728
11.041

8.256
10.564
5.694
11.019
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Moisture
content
72hrs
after
oven(%)

8.256
10.564
5.694
10.997

3.2.3 Preparation of sandstone specimens for permeability testing
3.2.3.1 Specimens requirements
As mentioned, sandstone core samples were collected from MINE A. Four wrapped
80 mm diameter core samples received and unwrapped to be tested for moisture
content, then all cut in half to be more convenient for casting in cement block for
coring of the smaller diameter samples except for sample number 4 which was cut
into three pieces due to its long length.
All nine sandstones were required to be of the same diameter for testing:
•
•

Height of 100 mm
Diameter of 60 mm

3.2.3.2 Sub coring sandstone samples
Triaxial cell apparatus can be operated with 54 mm and 60 mm diameter specimens.
For that reason all samples were sub-cored to 60 mm. The task was difficult and
challenging due to the weak and porous layers present within the sandstone. All
samples were cast in concrete and 60 mm diameter samples sere cored out. Prior to
casting in concrete the sample ends were cut perpendicular to their axis, held
vertically and wrapped together to enable to be cast in the concrete. Figures 3.6, 3.7,
and 3.9 show the process of casting samples in concrete. Total concrete volume of
0.018 m3 have been used for casting the sandstone samples.

Figure 3.6: First step of casting, cutting the samples and fasten with rubber rope.
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Figure 3.7: Placing the steel frame around the samples.

Figure 3.8: First step of filling the steel frame with cement

After 24 hours of casting sandstone samples in concrete, the core samples were ready
to be cored to 60mm in diameter (Figure 3.9). Because of the weak and porous
sandstone layers inside the samples some specimens were of a slightly smaller
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diameter. Moreover, some samples were broken during coring (Figures 3.10 and
3.11).

Figure 3.9: Concrete block with all casted sandstone samples after 24hrs of curing

Figure 3.10: Coring the samples from concrete block.
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Figure 3.11: 60 mm diameter sandstone specimens after coring (fair and broken samples)

After coring the specimens from the concrete block, the ends of each specimen with
remaining concrete were cut off and the specimens were ready for the next phase of
preparation.

Figure 3.12: Cutting the attached cement from remaining specimens
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Due to the weakness of sandstone samples when subjected to the coring process
some specimens broke and only five specimens remained suitable for permeability
testing. They all had sufficient length to be tested by triaxial cell apparatus as shown
in Figure 3.13. Table 3.7 shows geometrical properties of all five specimens. A
diamond saw was used to trim samples and the two ends of each sample were
polished in the lapping machine to achieve smooth and parallel ends.

Figure 3.13: Porous sandstone specimens used for testing

Table 3.7: The numbering and geometrical parameters of tested samples
Specimen No.
T1↑
T2↑a
T2↑b (rougher)
T4↑a
T4↑b (even)

SAMPLE NAME

Diameter

Height

(mm)

(mm)

218.64-218.92

54.71

108.20

234.81-235.04

53.97

93.63

234.81-235.04

51.26

109.21

267.48-267.87

54.36

99.05

267.48-267.87

51.81

97.86

3.2.4 Permeability testing procedure
The permeability flow tests on five prepared porous sandstone samples were
performed using the two-Phase High-pressure Triaxial Apparatus (TPHPTA). This
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testing system consisted mainly of five components: (1) a triaxial cell; (2) loading
unit; (3) deformation and pressure monitoring unit; (4) fluid supply unit and (5)
computerised data-acquisition unit. The laboratory set-up of the testing system is
shown in Fig. 3.14. This test rig comprised a number of components, which can be
utilised in normal triaxial permeability tests:
•

A main apparatus loading system for holding and loading the pressure cell

•

High pressure cell for holding the coal sample in triaxial permeability test

•

An axial loading and measuring device

•

An oil pump, generating and maintaining the constant confining pressure
applied to the coal sample

•

A pressure transducer for measuring the pressure inside the cell

•

A pressure transducer for measuring pore pressure

•

Flow meters for measuring the gas flow rate

•

A data acquisition system

According to Zhang (2012), the triaxial cell was fabricated using high-strength
stainless steel, capable of withstanding a maximum pressure of 150 MPa. The
assembled cell consisted of hollow cylindrical wall, axial loading piston, cell base,
and top and bottom caps of sample. The interior diameter of the triaxial cell is 130
mm. The cell can accommodate samples 54.0 and 61.5 mm in diameter and 90-120
mm in height by fabricating top and bottom caps of compatible size. An overflow
valve was designed at the top of the triaxial cell to expel entrapped air from in-filled
silicone oil. The inlet and outlet flow were located at the base of the triaxial cell.
Inside the cell, a spiral copper tube 10 mm in diameter was used to connect the top
cap of the sample to the triaxial base to harvest the water flow.
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Figure 3.14: Triaxial Compression Apparatus

In this apparatus, the confining cell pressure was automated using the hydraulic
pump and monitored using a pressure transducer, which was mounted on the cell to
ensure the required confining pressure. The cell was made of high-yield steel, was
capable of carrying out high confining pressure tests, making it suitable to simulate a
high in situ stress environment.
In the water supply unit, the water was pressurised by compressed air, and then
injected into the test specimen. A multi-function computerised board was used to
adjust and maintain the water pressure. To ensure that no air dissolves into
pressurised water, a high-strength rubber bladder was used inside the water vessel to
separate water from compressed air. Inside the cell, a spiral copper tube was used to
harvest the water flow out of the cell. The water flow was monitored by weighing
outflow water against time. A stable flow was required to determine permeability of
the sample.
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For the water flow through the sandstone pores in the triaxial cell, the specimen is
enclosed tightly by the membrane for two purposes. Firstly to separate it from
pressurised confining oil, and secondly to prevent water from mixing with the oil. In
triaxial tests, silicone, latex and polyurethane membranes are usually used. Among
the membranes, polyurethane membrane is the strongest. In addition, sleeve
membrane of different thickness can be chosen to satisfy specific requirements of
different triaxial tests, usually ranging from 0.2 to 3.0 mm. Hence, the selection of
suitable membrane becomes crucial in the triaxial test. For this test polyurethane
membrane and sleeve membrane were preferred to suit the specimens due to the
variety of surface roughness of each specimen because of their natural graining.
To assemble the test system, the prepared sample was firstly enclosed in sleeveshaped membrane, and placed on the bottom seating of the triaxial cell. Subsequently
the membrane was fixed to the top and bottom sample caps using two hose clamps.
Two rubber O-ring seals of suitable diameter were placed between the membrane
and the clamp so that no silicone oil leakage occurs. After the cell was assembled,
silicone oil was poured into the cell, and the cell was connected to the hydraulic
pump that was designed to provide constant pressure over long test periods. The
silicone oil pressure, that provides confinement stress to the rock sample, was then
increased to a required value and monitored using the computerised system. During
the test, the flow outlet was left open. The test sequence was followed in steps, with
different vertical stress of 0.5, 1, 2, 3 and 4 MPa applied respectively. The confining
pressure was charged in steps from 750 kPa to higher pressure of 1582 kPa. The load
cell, flow meters and pressure transducer were connected to a computer through a
data logger for data collection. The described procedure is summarized in Appendix
A.
3.2.5 Test results
Isothermal flow was considered by conducting flow tests under room temperature.
For water, a density of 1.0 × 103 kg/m3 and a dynamic viscosity of 1.0 × 10-3 N s/m2
were assumed.
For each sample, the flow data was plotted in terms of volumetric flow rate against
pressure gradient given below and summarised in Figures 3.15 to 3.19.
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Figure 3.15: Flow rate as a function of pressure gradient for sample T1

Figure 3.16: Flow rate as a function of pressure gradient for sample T2↑a
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Figure 3.17: Flow rate as a function of pressure gradient for sample T2↑b (course grained
sample)

Figure 3.18: Flow rate as a function of pressure gradient for fine grained sample T4↑a
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Figure 3.19: Flow rate as a function of pressure gradient for sample T4↑b (even)

In data analysis, linear Darcy’s law has been assumed:
−∇p =

µ
k0 A

(1)

Q

Where,
∇p : The pressure gradient, which is equal to water pressure difference

between two ends of the sample divided by sample height,
µ : Dynamic viscosity of fluid,
k 0 : Permeability,
A: The cross area of fluid flow perpendicular to the flow direction, and
Q : The volumetric flow rate.

For each data set, the permeability was back calculated and averaged value are
summarised in Table 3.8.
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Table 3.8: The change of permeability with the confining stress
Sample No.
T1↑

T2↑a

T2↑b (rougher)

T4↑a

T4↑b (even)

Permeability

Confining stress

(millidarcy)

(kPa)

0.120

757

0.078

1073

0.058

1582

0.390

781

0.211

1022

0.100

1535

1.130

781

0.987

1033

0.714

1538

0.342

796

0.223

1003

0.145

1582

0.358

789

0.242

1038

0.136

1547

The variation of permeability of tested sample with the confining stress is plotted in
Figure 3.20. The curves of stress–permeability under confining pressures of 750 kPa
to 1600 kPa indicate that the changing trend of stress–permeability under different
confining pressures is basically the same. The permeability change with differential
confining stress is gradual and shows exponential decrease. The rate of the
permeability decrease is related to the compressive closure of the pre-existing microcracks. For a linear closure of the void diameter d v the volume closure varies with
d v 3. The gradual decrease in permeability at higher confining pressure is similar to
research findings by Wang, Xu, Shao, and Skoczylas (2014), Sisavath, Jing, and
Zimmerman (2000) and Heiland (2003). At higher confining pressures the rate of
permeability change decreases as the micro-crack sand pores within the rock are
compacted to the minimum, and change of the permeability is very small.
Both axial and confining pressures must be less than the strength of the entire
specimen tested within elastic range not plastic. Due to these restrictions very small
permeability changes could be observed. In sample 2a and 2b there was a difference
in permeability behaviour within the two different layers. It showed a lower
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permeability on the first half of the sample and slightly higher in the remaining part.
This shows that there is no regularity in rock with non-uniform distribution of grain
size and highlights the importance of sampling the representative layers of rock only.

Figure 3.20: The variation of permeability with the confining stress

3.3 Experimental investigation in coal permeability
3.3.1 Introduction
Permeability tests on coal samples were conducted using the Multi Function Outburst
Research Rig (MFORR). The aim was to understand the relationship between axial
stress, gas pressure and permeability. Tests were conducted using CH 4 on coal
samples from a coal mine (MINE B). Delivered coal samples are shown in Figure
3.21.

Figure 3.21: Coal samples delivered from coal mine (B)
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3.3.2 Coal specimen preparations
From the delivered coal samples six 61 mm diameter and 40 mm height cored
samples were prepared for the test. The apparatus’s sample holding plates were
widened from the initial 50 mm in diameter to 61 mm to accommodate these coal
samples. Table 3.9 shows the details of the tested samples. A 3 mm diameter hole
was drilled in the middle of each of the coal samples to meet the requirements of
measuring the permeability of this apparatus. Before testing, both surfaces of the
tested coal sample were sealed with thin rubber gasket pieces in order to make sure
the gas penetrate along the coal in radial direction. Figure 3.22 shows the snapshot of
one of the specimens ready to be tested.

Table 3.9: 6 prepared coal specimens ready for the permeability test
NO

SAMPLE

DIAMETER

LENGTH

NAME

(mm)

(mm)

1

383404

61mm

40mm

2

383408

61mm

40mm

3

383410

61mm

40mm

4

383413

61mm

40mm

5

383416

61mm

40mm

6

383418

61mm

40mm

Figure 3.22: Coal samples for triaxial permeability test with MFORR
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3.3.3

Past tests with the Multi Functional Outburst Research Rig (MFORR)

Apparatus
According to previous studies, permeability has a significant impact on the ability of
a coal seam to produce gas (this apparatus have been used previously by Lama (1995),
Aziz and Li (1999),Sereshki (2005) and Zhang (2012). A recent study by Zhang

(2012), examining factors contributing to effective drainage of gas from coal by
MFORR, found significant lack of information on coal permeability in comparison
with other parameters. Accordingly, research on coal permeability is ongoing, and
this study forms a part of such endeavour to improve the knowledge about coal
permeability and also improve both the method and the apparatus assembly during
this set of experiments using the MFORR. The main issue is to choose a proper
testing method, which fulfil the need for better understanding of permeability of low
permeable rock formations like coal and course grained rocks (Zhang, 2012).
3.3.4 Testing procedure and calculation
In this test, the sample was carefully placed and sealed in the triaxial gas chamber
(Figure 3.23 and Figure 3.24). The coal sample was subjected directly to gas used as the
confining pressure. The pressurised gas was allowed to filter through the coal sample
while it was being loaded axially. A centrally drilled hole in the coal sample allowed the
gas to flow out of the chamber in a controlled manner. MFORR comprises a number of
components which can be utilised for permeability testing with the confining pressure
being provided by the applied gas pressure which filters through the coal being tested.

Figure 3.23: The sample placed in the triaxial gas chamber
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Figure 3.24: Coal specimen sealed in pressure chamber and Multi Function Outburst
Research Rig (MFORR)

As it described before, the gas pressure chamber containing the coal sample is a
hollow rectangular prism of cast iron with removable front and back viewing plates.
The procedure for conducting each test consisted of the sample being first mounted
in the pressure chamber. The chamber was sealed, the system evacuated to remove
air and subsequently re-pressurised to a predetermined level and maintained at that
level. The CH 4 gas was allowed to permeate the coal sample and flow out through
the central hole. The released gas from the coal flowed through a measuring system
consisting of a vacuum pressure sensor and gas flow meters with 0-2 L/min and 0-15
L/min measurement ranges.
The test sequence was followed insteps with varying vertical stress of 1, 2 and 3 MPa
and gas pressure ranging from 0.2 MPa to 3 MPa. The load cell, flow meters,
pressure transducer and strain gauges were connected to a computer through a data
logger for data collection.
The permeability of the sample was calculated using the following Darcy’s equation:
𝑟𝑟
µ𝑄𝑄𝑄𝑄𝑄𝑄( 𝑟𝑟0 )
𝑖𝑖
(2)
𝐾𝐾 =
2
2
𝜋𝜋𝜋𝜋(𝑃𝑃1 − 𝑃𝑃2 )
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Where K is the permeability of coal, µ is viscosity of gas, Q is the flow rate of gas, L
is the height of the sample, r o and r i are the external radius and internal radius of
sample, P 1 and P 2 are absolute gas pressure inside and outside of chamber,
respectively.

3.3.5 Testing results and analysis
The following is the triaxial permeability test results using CH 4 within the MFORR.
Results are consistent for all the coal samples tested. The tests clearly indicate that
coal sample permeability decreases with the increasing gas pressure and decreases
with the increasing vertical stress. As the flow meter range is limited to a maximum
of 15 L/min, in some of the coal permeability tests, coal permeability results could
not be obtained as they were above the measurement range of the flow meter.
In each permeability test, vertical and horizontal strain behaviour was monitored.
Generally, vertical and horizontal strains increase with the increasing charging gas
pressure in the test. Vertical strain values become smaller when the vertical stress is
increased. However, this observation was not consistent for all the tests. For samples
383408 and 383410 vertical strain in coal under high vertical stress was higher than
under lower vertical stress. This was thought to be due to the swelling of coal in the
high CH 4 pressure gas environment. In some of the tests, coal strain may have
decreasing trend with the increasing gas pressure (sample 383416, 383418), as the
compressing effect under gas pressure is larger than the coal swelling effect in a
short testing period.
The tested results of samples 383404, 383408, 383410, 383413, 383416, 383418 are
shown in the following Figures 3.25 to 3.30.
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Figure 3.25 (a): Coal triaxial permeability test with MFORR and coal strain behaviour (sample
383404)

Figure 3.25 (b): Coal triaxial permeability test with MFORR and coal strain behaviour (sample
383404)
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Figure 3.25 (c): Coal triaxial permeability test with MFORR and coal strain behaviour (sample
383404)

Figure 3.26 (a): Coal triaxial permeability test with MFORR and coal strain behaviour (sample
383408)
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Figure 3.26 (b): Coal triaxial permeability test with MFORR and coal strain behaviour (sample
383408)

Figure 3.26 (c): Coal triaxial permeability test with MFORR and coal strain behaviour (sample
383408)
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Figure 3.27 (a): Coal triaxial permeability test with MFORR and coal strain behaviour (sample
383410)

Figure 3.27 (b): Coal triaxial permeability test with MFORR and coal strain behaviour (sample
383410)
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Figure 3.27 (c): Coal triaxial permeability test with MFORR and coal strain behaviour (sample
383410)

Figure 3.28 (a): Coal triaxial permeability test with MFORR and coal strain behaviour (sample
383413)
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Figure 3.28 (b): Coal triaxial permeability test with MFORR and coal strain behaviour (sample
383413)

Figure 3.28 (c): Coal triaxial permeability test with MFORR and coal strain behaviour (sample
383413)
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Figure 3.29 (a): Coal triaxial permeability test with MFORR and coal strain behaviour (sample
383416)

Figure 3.29 (b): Coal triaxial permeability test with MFORR and coal strain behaviour (sample
383416)
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Figure 3.29(c): Coal triaxial permeability test with MFORR and coal strain behaviour (sample
383416)

Figure 3.30 (a): Coal triaxial permeability test with MFORR and coal strain behaviour (sample
383418)
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Figure 3.30 (b): Coal triaxial permeability test with MFORR and coal strain behaviour (sample
383418)

Figure 3.30 (c): Coal triaxial permeability test with MFORR and coal strain behaviour (sample
383418)
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According to the results, examination of the vertically loaded coal samples subject to
the external gas pressure in the pressure chamber clearly shows that the permeability
of coal specimens decreased, when the coal specimens were exposed to the vertical
loading. There is no doubt that the introduction of methane could contribute to the
sorption of methane molecules in coal matrix, which in turn swells the coal matrix
and decreases the porosity of coal. At the stage of elastic deformation of the tested
coal specimens, the horizontal strain is much larger than the vertical strain, because
with MFORR apparatus this change is considerably lower due to the direction of
axial loading which has more control on raising strain in vertical strain gauge
indicators for all the specimens.
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CHAPTER FOUR- ANALYSIS AND DISCUSSIONS
4.1 Introduction
In this section, sandstone permeability behaviour and analysis toward the axial and
confining pressure and the obtained results are discussed following by the
interpretation how permeability of coal is associated with orientation of stress and
cleats. Finally, the reasons for such differences in both groups are discussed.
In this study the change of rock permeability versus applied stress were investigated
as it has an important practical significance for dam, road and tunnel constructions,
oil and gas reservoir behaviour and above all a guide to safe mining. Due to the
different nature of each group of tests between coal and sandstone specimens
including their significant difference in their layers and structures, each group was
evaluated individually.
4.2 Permeability analysis for sandstone specimens
Based on the selection of specimens for this study, a good combination of coarse and
fine grained specimens were examined in order to have a good comparison between
each rock type. A secondary effect of stress on their permeability is also discussed.
As mentioned in Chapter 5, several sandstone specimens were prepared for this study
each sample had unique grain size combinations which allowed for better
comparison between different types of sandstones.
According to the results each specimen showed different permeability behaviour. As
expected, increase of the confining pressure resulted in decrease in permeability of
each tested sample.

Figure 4.1: The delivered samples sub cored to obtain 5 specimens for the study
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4.2.1 Permeability result analysis of fine grain sandstones
Four fine grained and stone specimens were subjected to the high confining pressure
in the triaxial cell and their permeability tested. The triaxial cell was selected for
permeability measurements instead of the MFORR apparatus as within the MFORR
direct exposure of rock to the gas pressure does not suit the particle size of sandstone
specimens. Based on the test results, specimens no 1, 2a, 4a and 4b exhibited low
permeability because of the fine cemented voids and relatively homogenous fine
grain size layers (Figure 4.2). This four samples under increasing confining pressure
of 750 kPa to 1600 kPa showed decreasing permeability values as depicted in
Figures 4.3 to 4.6.

Figure 4.2: 4 Low permeability sandstone specimens before testing

Figure 4.3: Permeability value charts for sandstone specimens 1
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Figure 4.4: Permeability value charts for sandstone specimens 2a

Figure 4.5: Permeability value charts for sandstone specimens 4a

Figure 4.6: Permeability value charts for sandstone specimens 4b
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According to the permeability diagrams shown in Figure 4.3 it can be observed that
sample No 1 has a lower permeability at lower confining pressure that the other three
samples. This was considered normal because of its coerce grain size and structure of
its voids in comparison to the other samples that were of smaller grain size and more
homogeneous structure. By applying increasing confining pressure on this sample the
permeability was reduced because of the void reduction as experienced in the other
samples.

4.2.2 Permeability result analysis of specimen No 2b with high permeability
Within the more permeable group of sandstone samples, the most permeable
sandstone specimen was sample No 2b (Figure 4.7), Characterised by rough and
coarse grains. The permeability of the sample reduces with increasing the confining
pressure due to the reduction in the sample pore space. The significantly different
grain texture along its length would lead to different permeability values along the
core which shows the importance of sampling along a single geological layer.

Figure 4.7: High permeability value specimen no 2b before testing

To have a better understanding of sandstone layers exhibiting different behaviour,
two permeability diagrams of sample No 2 (upper section 2a and lower section 2b)
presented in Figure 4.8 are compared. It can be seen that in the more permeable side
of this sample there is more vulnerability toward confining pressure and that is
because of the structure of voids and coerce grain size which leads to more
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compaction toward circumference stress. Specimen No 2b in Figure 4.7 with high
permeability behaviour shows a linear trend in permeability reduction with
increasing confining pressure while specimen No 2a (Figure 4.2) shows indicates
faster reduction of the permeability for the applied confining pressure in range of
800-1000kPa that slows down for pressures of 1000-1550 kPa.

Figure 4.8: permeability value diagrams of specimen no 2a and 2b

4.2.3 Additional notes
As mentioned before, during the preparation process some of the samples broke due
to their structure and weak grain matrix characterisations. The sample No3 (Figure
4.9), showed to be the weakest and most vulnerable to fail when coring despite that
the original sample brought from the mine did not show anything but almost
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homogeneous and competent sandstone. When sub cored to 60mm, it showed a very
coerce conglomerate consisting of at least 15% sand-sized grains and the rest being
larger grains of varying sizes as shown in Figure 4.9. Unfortunately this sample
broke and could not meet the apparatus testing size requirements.

Figure 4.9: Sample no 3 before and after sub coring from 80mm to 60mm

4.2.4 Discussions of sandstones permeability
The curves of stress–permeability under confining pressures of 750 kPa to 1600 kPa
are shown in Figure 3.20. It is seen that the changing trend of stress–permeability
under different confining pressures is basically the same. The permeability change
with differential confining stress is gradual and shows exponential decrease
characteristics. The rate of the permeability decrease is related to the compressive
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closure of the pre-existing micro-cracks. For a linear closure of the void diameter d v
the volume closure varies with d v3. The gradual decrease in permeability at higher
confining pressure is similar to research findings by Wang, Xu, Shao, and Skoczylas
(2014), Sisavath, Jing, and Zimmerman (2000) and Heiland (2003). At higher
confining pressures the rate of permeability change decreases as the micro-crack
sand pores within the rock are compacted to the minimum, and change of the
permeability is very small.
Both axial and confining pressures must be less than the strength of the entire
specimen tested within elastic range not plastic. Due to these restrictions very small
permeability changes could be observed. In sample 2a and 2b there was a difference
in permeability behaviour within the two different layers. It showed a lower
permeability on the first half of the sample and slightly higher in the remaining part.
This shows that there is no regularity in rock with non-uniform distribution of grain
size and highlights the importance of sampling the representative layers of rock only.
4.3

Permeability analysis of Coal specimens

Permeability results were consistent for all coal samples tested. In general, the coal
permeability tests show that the coal permeability decreases with increasing gas
pressure and applied vertical load/stress. As the flow meter range is limited to 15
L/min maximum, in some of the coal permeability tests, coal permeability results
could not be obtained above the measurement range of the flow meter. For each
permeability test, vertical and horizontal strain behaviour was monitored using the
strain gauges. In general, vertical and horizontal strains increased with increasing
charging gas pressure while the vertical strain reduced when the vertical stress
increased. However, this observation was not consistent for all tests and in some
tests; the vertical strain in coal under higher vertical stress was measured to be higher
than under lower vertical stress. This occurred when testing samples 383408 (Figure
4.11) and 383410 (Figure 4.12). This behaviour indicates that the swelling of coal in
the CH 4 gas environment initiated higher positive strain (coal expansion) than the
negative strain due to the increase in vertical stress. In some tests, vertical strain in
coal had decreasing trend (shrinkage) with increasing gas pressure (samples 383416Figure 4.13 and, 383418-Figure 4.14), as the compressive effect was larger than the
coal swelling effect in a short testing period.
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The consistent behaviour for all tested coal specimens is the relation between
permeability and gas pressure, which has a reducing permeability affect with
increasing gas pressure, and follows the order of previous sandstone tests. It is
evident that pore and cleat existing in coal matrix could be closed because of
compaction and by applying higher axial load the permeability significantly
decreased. When the vertical stress began to increase from 1 MPa to 2 MPa, the
permeability of coal considerably reduced in all coal tested specimens. Test results
indicate that the permeability values stay below 1 mD, when applied confining gas
pressures exceeds0.5 MPa in the presence of 3 MPa vertical stress for specimens no
383404, 383408, 383410, 383416 and 383418 respectively (Figures 4.10 to 4.14).
However, sample No 383413 (Figure 4.15) was very permeable even when the
vertical stress of 3 MPa was applied. The detailed results of MFORR tests are shown
in Appendix B.

Figure 4.10: Permeability change for coal specimen no 383404
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Figure 4.11: Permeability change for coal specimen no 383408

Figure 4.12: Permeability change for coal specimen no 383410

Figure 4.13: Permeability change for coal specimen no 383416
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Figure 4.14: Permeability change for coal specimen no 383418

Figure 4.15: Permeability change for coal specimen no 383413

Examination of the vertically loaded coal samples subject to the external gas pressure
in the pressure chamber clearly shows that the permeability of coal specimens
decreased, when the coal specimens were exposed to the vertical loading. There is no
doubt that the introduction of methane could contribute to the sorption of methane
molecules in coal matrix, which in turn swells the coal matrix and decreases the
porosity of coal.
According to the volumetric changes presented in 3.25 to 3.30, a positive value of
volumetric deformation indicates swelling and expansion of the tested specimens,
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and a negative value indicates shrinkage. The deformation of horizontal strain is
much larger than the vertical strain, because with MFORR apparatus this change is
considerably lower due to the direction of axial loading which has more control on
raising strain in vertical strain gauge indicators for all the tested specimens.
The changes of permeability can be analysed from three stages of the volumetric
strain of tested coal specimens. Within the first stage, the rock specimen is squeezed
with the permeability decreasing rapidly at the beginning of the test. At the second
stage, the volumes of the specimen start to swell while for the remaining specimen,
the samples continue to shrink with increasing axial load; The lowest permeability
rate emerge at the last stage of the test (3 MPa axial loading) while the specimens are
experiencing the last slightly swelling.

4.3.1 Permeability classification of tested coal specimens based on coal bed
permeability classifications
According to Zhang (2012), the permeability of coal indicates the entire process of
gas drainage in coal mines and CBM production. Santillan (2004), have classified
coal beds into four groups based on in situ permeability. An assignment of CBM by
Palmer (2010), well completion based on permeability is shown in Figure 4.16. The
study by Palmer (2010) stated the importance of coal permeability measurement in
development of CBM, which may be underestimated by many operators (Zhang,
2012).
Hughes and Logan (1990) stated that the minimum required permeability of coal for
coalbed gas drainage is generally greater than 1 mD. However for Australian coals,
Thomson and MacDonald (2003), referring to the work by Williams (1999),
indicated that the Australian coal seams suitable for drainage (medium radius drill
method) should have a gas content of more than 6 m3/t gas and permeability greater
than 2 mD at a depth of 150 to 500.

Figure 4.16: Permeability bands for CBM well completions (after Palmer, 2010)

66

According to Palmer (2010) permeability of tested coal specimens classified in table
4.1 Which shows the majority of specimen should be considered high permeability
completion.
Table 4.1: Palmer permeability classification of the tested coal

Coal specimen no

Permeability mD

Permeability mD

Palmer

On 2 MPa axial load

On 3 MPa axial load

classification

average

average

383404

0.692110726

0.589104091

Tight coal completions

383408

13.32254816

0.699772482

Tight coal completions
to low permeability
completions

383410

0.672570848

0.512011125

Tight coal completions

383413

14.01745485

10.12101667

low permeability
completions

383416

13.05218491

2.160412798

Tight coal completions
to low permeability
completions

383418

4.4

51.52246641

High permeability

Summery

Stress and the resulting deformation have a large impact on rock mass permeability.
The hydro-mechanical (HM) coupling process is found to be very important in
fractured rocks(Rutqvist & Stephansson, 2003). To clarify the effect of confining
pressure on the permeability behaviour of various types of rock under triaxial
compression pressure, the water permeability was measured in various sandstone
specimens from mine A, and gas permeability for coal specimens from mine B in
New South Wales- Australia at confining pressures of 0.7 MPa to 1.6 MPa for
sandstone specimens and 0.2 MPa to 3 MPa for coal specimens.
For the sandstone group, the permeability monotonously decreased with axial
compression. Also the permeability decreased with increasing confining pressure
where the main cause of the decrease was attributed to pore collapse.
For the coal specimens, measured vertical and horizontal strains increase with the
increasing charging gas pressure. Vertical strain value becomes smaller when the
vertical stress is increased. However, this observation is not consistent for all the
67

tests, in some of the tests, vertical strain (compression) in coal under higher vertical
stress can be higher than under lower vertical stress as shown for sample 383408
(Figure 4.11) and 383410 (Figure 4.12) due to the swelling of coal in the CH 4 gas
environment. In some tests, coal strain may have decreasing trend with the increasing
gas pressure (sample 383416-Figure 4.13 and 383418-Figure 4.14), as the
compressing effect under gas pressure is larger than the coal swelling effect in a
short testing period. The main cause of the decrease was attributed to compaction.
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CHAPTER FIVE - CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS
The permeability of both sandstone and coal has been found to decrease with
increasing both axial and lateral pressures/stresses. Due to conditions different of
each test, the final results of each tested group cannot be compared with each other.
In the sandstone group the permeability tests were conducted using water flow rate
while the coal group sample tests were controlled with CH 4 flow rate behaviour. The
only common behaviour was the permeability reduction with increasing axial and
confining pressure.
Through the study of permeability in different rocks under different confining pressures,
the following conclusions have been made:

•

Permeability rate of rocks under triaxial compression varies by the type and
nature of the rock. In general, higher stress environment decreases the
permeability of both tested groups.

•

Permeability of coal samples from mine A was tested with MFORR
apparatus. Tests show that coal sample permeability decreases with
increasing gas pressure and at higher gas pressure, coal permeability stays
stable and undergoes minor changes under vertical stress above 2 MPa.

•

The rock permeability decreases with the circumferential and axial pressure
in elastic stage of the rock. Compared with axial deformation, the
circumferential deformation of the rock plays a leading role in rock
permeability.

•

Strain gauge results from the MFORR test show that coal samples experience
negative volumetric changes or shrinkage with increased confinement
pressures, both axially and laterally. The degree of the volumetric changes is
found to be dependent on the level of the applied axial and lateral pressures.

•

There is no simple linear relationship between the permeability and the
volumetric change of the rock. The rock has different permeability behaviour
that varies with volumetric changes.
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•

This geotechnical project provided a better understanding of the importance
of the permeability tests that are typically needed for many engineering
designs either in construction or mining area.

5.2 RECOMMENDATIONS
The following areas are recommended for further research on rock permeability tests:
•

Many factors effect permeability such as temperature; it is recommended that
permeability tests conduct under different temperature fluids and geothermic
effect being evaluate on permeability rates. The effect of flow rate heat is
important for performance assessments.

•

Permeability results of this study indicate that more tests should be carried
out to gain better understanding of the permeability for proper engineering
design because of the different flow rate behaviour of a single core sample
which indicates the importance of having sufficient sampling and laboratory
test before any geotechnical project which enables to have better
understanding for a proper engineering design either in construction or
mining area.

•

Improving the MFORR apparatus, especially the integrity of pressure
chamber, in order to avoid gas leakage and minimise the saturation time.

•

Investigating the crack growth in compression is essential for the detailed
investigation of permeability and also for failure mechanism. It is
recommended that by visualising the (complex) geometry of crack growth
and modelling, it can well being investigated even in brittle rocks such as
coals by further research.
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APPENDIX A: A SUMMARIZED FIGURES ON THE SANDSTONES
TRIAXIAL COMPRESSION TESTS
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Figure a (Left): The cell frame ready for specimen set up. Figure b (Right): Specimen and
the selected membrane.

Figure a (Left): Specimen covered by membrane placed on the bottom seating of the triaxial
cell and the membrane is fixed to the top and bottom of specimen caps using two hose
clamps. Two rubber O-ring seals with 50 mm diameter were placed between the membrane
and clamp. Figure b (Right): Cell is assembled.
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Figure a (Left): Cell is assembled. Figure b (Right): Silicone oil is manually poured into the
cell.

Figure a (Left): Cell is connected to a hydraulic pump which is able to provide constant
pressure over the test. Figure b (Right): The flow outlet was left open
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APPENDIX B: COAL PERMEABILITY TEST RESULT WITH MFORR
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APPENDIX B: COAL PERMEABILITY TEST RESULT WITH
MFORR (Specimen 383404)
Vertical stress 1 MPa

Vertical stress 2 MPa

Gas Pressure

Permeability

Gas Pressure

Permeability

MPa

mD

MPa

mD

282.555

3.383425438

327.545

2.689020741

503.085

1.486332594

499.005

0.945983334

712.005

0.996352161

687.825

0.719354715

904.655

0.848232864

900.525

0.618614769

1115.325

0.692874735

1123.425

0.549745317

1300.725

0.561783756

1306.425

0.506071745

1504.325

0.498985241

1527.325

0.494052397

1705.525

0.460698493

1695.325

0.439047601

1913.525

0.399152284

1906.025

0.399113159

2112.525

0.39603271

2129.125

0.355345971

2573.125

0.348443841

2644.425

0.317566165

3085.225

0.288299642

3026.625

0.271412801

Vertical stress 3 MPa
Gas Pressure

Permeability

MPa

mD

296.165

1.785188497

490.115

0.934123957

720.855

0.69738294

876.575

0.582427577

1121.825

0.51588775

1325.325

0.46922735

1497.725

0.430760322

1688.125

0.384207702

1888.325

0.338760812

2094.325

0.344296425

2626.725

0.316720349
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APPENDIX B: COAL PERMEABILITY TEST RESULT WITH
MFORR (Specimen 383408)
Vertical stress 1 MPa

Vertical stress 2 MPa

Gas Pressure

Permeability

Gas Pressure

Permeability

MPa

mD

MPa

mD

300.405

30.05666647

323.765

16

507.475

24.22770932

494.405

13.94008767

664.955

12.70519541

733.225

10.64490956

Vertical stress 3 MPa
Gas Pressure

Permeability

MPa

mD

304.425

1.137111809

505.855

0.852571437

699.255

0.777512359

907.295

0.616409453

1102.525

0.592768102

1294.525

0.501872759

1521.125

0.420161452

3006.325

0.270265411
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APPENDIX B: COAL PERMEABILITY TEST RESULT WITH
MFORR (Specimen 383410)
Vertical stress 1 MPa

Vertical stress 2 MPa

Gas Pressure

Permeability

Gas Pressure

Permeability

MPa

mD

MPa

mD

327.695

20.78351591

332.515

1.315875002

507.175

10.64931801

503.155

1.043254359

699.955

6.521986817

712.085

0.853667914

935.615

4.320009837

904.755

0.711900343

1121.325

3.566135912

1170.125

0.682120062

1339.325

3.080143866

1339.425

0.63038884

1504.525

0.552722744

1728.025

0.600076747

1910.425

0.538038098

2160.325

0.465943591

2646.425

0.358075694

3033.825

0.318786779

Vertical stress 3 MPa
Gas Pressure

Permeability

MPa

mD

336.525

0.76468466

520.275

0.714593703

736.355

0.664929617

916.135

0.599117859

1137.425

0.569003274

1354.225

0.544718867

1555.525

0.454109378

1755.325

0.406716568

1943.625

0.411397469

2141.125

0.423477507

2631.325

0.324723003

3112.025

0.266661591
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APPENDIX B: COAL PERMEABILITY TEST RESULT WITH
MFORR (Specimen 383413)
Vertical stress 1 MPa

Vertical stress 2 MPa

Gas Pressure

Permeability

Gas Pressure

Permeability

MPa

mD

MPa

mD

293.305

39.62298386

200.03

28.54682467

420.81

28.85147124

404.71

16.75236662

570.28

17.55968631

612.64

10.62545175

678.25

14.32922609

812.65

7.835391175

1009.5

6.327240044

Vertical stress 3 MPa
Gas Pressure

Permeability

MPa

mD

209.68

22.18880619

413.55

13.69977342

616.69

8.795446823

793.16

6.664098018

1045.4

5.017097176

1252.4

4.36087841
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APPENDIX B: COAL PERMEABILITY TEST RESULT WITH
MFORR (Specimen 383416)
Vertical stress 1 MPa

Vertical stress 2 MPa

Gas Pressure

Permeability

Gas Pressure

Permeability

MPa

mD

MPa

mD

302.165

74.20172472

310.195

27.59782702

487.295

15.47019811

700.225

9.515463349

896.115

7.013441754

1123.925

5.66399433

Vertical stress 3 MPa
Gas Pressure

Permeability

MPa

mD

304.565

4.245096315

509.245

3.380831227

724.485

2.67667338

913.175

2.532944778

1098.615

2.107990803

1344.725

1.839746267

1533.625

1.633890775

1746.625

1.517138184

1971.425

1.382607344

2084.025

1.310303854

2409.325

1.137317845
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APPENDIX B: COAL PERMEABILITY TEST RESULT WITH
MFORR (Specimen 383418)
Vertical stress 1 MPa

Vertical stress 2 MPa

Gas Pressure

Permeability

Gas Pressure

Permeability

MPa

mD

MPa

mD

148.612

337.6563103

205.425

100.7103475

222.265

171.2765577

312.205

47.51758945

409.415

32.15512095

498.075

25.70680775
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